The movement of eukaryotic cilia and flagella depends on active sliding between peripheral doublet microtubules of the axoneme. It seems generally accepted that the force for the sliding is generated by cyclic interactions of the dynein arms with the microtubules, in which the arms on the A-tubules of the doublets cyclically attach to the B-tubules of the adjacent doublets, execute a power stroke, and then detach (10, 24) . Studies of the kinetics of biochemical interactions between tubulin and dynein have identified a number of intermediate states, and the transition rates between these states have been determined (18) . However, these intermediate states and transition rates, which have been obtained from the kinetic measurements of solubilized molecules, may not directly apply to the organized system of microtubules and arms in the intact axoneme.
In muscle research, mechanical measurements made on both intact and skinned muscle fibers have been important in the development of models of the crossbridge cycle, thus linking the biochemistry to the physiology of contraction (8, 9, 17) . Of these measurements, determination of the relationship between the force and velocity of contraction and that of the force transients following quick changes in muscle length have been particularly pertinent. Direct measurement of the force of microtubule sliding in cilia and flagella was hampered by the small size of the organelles and the small force they develop. However, Kamimura and Takahashi (19) showed that the sliding force could be measured by means of a pair of glass microneedles attached to a flagellum that had been demembranated with Triton X-100 and exposed to elastase in a reactivating solution containing ATP. With this technique it became possible to directly determine the mechanical properties of microtubule sliding.
In the present study, we have refined the method of Kamimura and Takahashi (19) and determined the force-velocity relationship for the sliding of the microtubules. It is assumed that the force-velocity relationship represents the mechanical behavior of the large number of dynein arms on the sliding microtubules. Also, by varying the Mg-ATP concentration, we vary the biochemical rate of cyclic activity of the crossbridges. Thus, by determining the force-velocity relationship at various Mg-ATP concentrations, we can see how the mechanical properties of sliding microtubules depend upon the rate of crossbridge interaction. From this point of view, we examined the effect of Mg-ATP concentration on not only the shape of the force-velocity curve for sliding microtubules, but also on the sliding velocity and the maximal sliding force. 
RESULTS
Force developed by the sliding microtubules. When a demembranated sperm flagellum held between two glass microneedles was perfused with a reactivating solution containing Mg-ATP and elastase, the flexible needle was pulled towards the holder needle as the result of active sliding between the axonemal microtubules.
A quick release given shortly after the onset of the sliding caused an abrupt drop in the force, which was followed by a second force generation. In most cases, the second force generation had a smoother time-course than the initial one, and therefore yielded more reliable measurements (see MATERIALS AND METHODS). The rate of movement of the flexible needle gradually decreased as the load increased (Fig. 1) . Also, the length of axoneme, which was producing the force being measured, decreased as the sliding proceeded. The plateau of the deflection of the flexible Fig. 4 . Relationship between the sliding velocity under a load of 0.1 F and the Mg-ATP concentration, and the relationship between the maximal force and the Mg-ATP concentration. Vertical bars indicate the standard deviations. By using the nonlinear least-squares method (22) , the data for the sliding velocity (filled circles) were fitted with a Michaelis-Menten's curve of the form: With the refined technique used in the present study, we found that, unlike the familiar forcevelocity curve of muscle (13) which is concave upwards, the force-velocity curve of sliding microtubules is consistently convex upwards. In a different approach, attempts have been made to determine the relationship between the force and the velocity of microtubule sliding from the relationship between the bending moment and the angular velocity of bending of cilia or flagella that were beating in media of different viscosities (2, 15) . So far, such attempts have not yielded sufficient data to make it possible to compare them with the present results and with the force-velocity relationship seen for muscle. It is, however, interesting to note that the shape of the bending moment-angular velocity curve (15) based on the data of Yoneda (31) bears some resemblance to that of the force-velocity curve obtained in the present study.
In skeletal muscle, the force-velocity curve can be approximated by a simple equation such as Hill's, which specifies the maximal force, the maximal velocity and the curvature. According to Huxley's model (16) , the maximal force depends on the number of crossbridges that are attached. The maximal velocity reflects the maximal rate of crossbridge turnover but is independent of the number of crossbridges. The curvature of the force-velocity curve has been discussed on the basis of the hypothesis that two processes are responsible for the decrease in force with the increase in velocity: the decrease in the number of crossbridges exerting positive force and the increase in the number of crossbridges exerting negative force. It is thought that the change in the number of crossbridges exerting positive force is dominant and determines the slope of the force-velocity curve near the maximal force. On the other hand, the change in the number of crossbridges exerting negative force is thought to be dominant and determine the slope near the maximal velocity. The curvature of the force-velocity curve is determined by the ratio of these two slopes (28) . As with the force-velocity curve of skeletal muscle, the force-velocity curve of sliding microtubules is characterized by its curvature. In this case, near the maximal velocity, the sliding velocity decreases only slightly as the load increases. This may be explained if the effect of the increase in the number of crossbridges exerting positive force, which occurs with the decrease in velocity, dominates over the effect of the decrease in the number of the crossbridges exerting negative force. According to Huxley's model and assumptions, this situation is attained by making the maximal value of the attachment rate large compared with that of the detachment rate. Thus, the difference in the shape of force-velocity curves between the axoneme and muscle may reflect differences between the intrinsic properties of myosin crossbridges and those of the dynein arms.
The effect of the substrate concentration on the shape of the force-velocity curve should also be discussed. Since Mg-ATP is capable of dissociating the tubulindynein complex, the rate constant of the crossbridge detachment may change with the Mg-ATP concentration. Thus, the most straightforward modification of the crossbridge theory of Huxley (16) that will describe the force-velocity relation at various ATP concentrations would be to make the rate constant of detachment dependent on the ATP concentration. When this is done, lowering the Mg-ATP concentration decreases the model's maximal sliding velocity by lowering the rate of crossbridge detachment. However, in this case, the shape of the curve would be changed distinctly by varying the concentration of Mg-ATP (8) . In the present study, the shape of the force-velocity curve was not very susceptible to differences in the concentration of Mg-ATP which suggests that a state exists in the crossbridge 
